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[successful genetic selection]{.smallcaps} programs over the past 30--40 yr together with improved nutrition has resulted in the modern dairy cow, which is biologically efficient at producing large volumes of milk exceeding 8,500 l per 305-day lactation. This increase in milk production has been accompanied, however, by a corresponding steady decline in fertility, with conception to first service in many dairy cow herds now \<40% ([@r65]). Increased milk production also causes severe metabolic demands for increased energy resulting in extensive mobilization of body fat reserves in early lactation. This period of negative energy balance (NEB) can persist for many weeks, and fatty acid catabolism can result in the accumulation of triglycerides in the liver and increased systemic concentrations of lipid metabolites in the blood resulting in a period of oxidative stress.

This early postpartum period is also associated with a dramatic increase in the rate of liver blood flow and metabolism that can compromise liver function and result in production diseases such as ketosis and fatty liver ([@r30], [@r73]). Fatty liver can affect up to 50% of cows in early lactation ([@r36]) and can impair liver function such as synthesis and biotransformation of metabolites and proteins and the elimination of toxic waste products ([@r6]).

The catabolism of fatty acids results in a number of metabolic changes. Nonesterified fatty acids (NEFAs) and ketone bodies including β-hydroxy butyrate (BHB) are produced by the liver as the fatty acids are metabolized and their systemic concentrations increase in proportion to the degree of fat mobilization. Short-chain volatile fatty acids (acetate, propionate, and butyrate), nutrients especially critical to ruminant mammals, are also formed during the ruminal fermentation of the dietary fiber in the gastrointestinal tract of mammalian species and are directly absorbed at the site of production ([@r8]).

Oxidation of NEFAs in the liver result in the increased production of reactive oxygen species (ROS), decreased paraoxonase activity, and the onset of oxidative stress ([@r77]). This may be linked to depression of the immune system in early lactation ([@r38], [@r39], [@r54], [@r80]), resulting in dairy cows becoming more vulnerable to bacterial infections at this time.

Cows with high serum NEFA prepartum had an increased incidence of mastitis and retained placenta postpartum ([@r15]) and neutrophil and lymphocyte function has been shown to decrease following calving ([@r39], [@r64]). In cattle, neutrophil CD18 expression is highest at calving but decreases thereafter, whereas neutrophil CD62L expression decreases gradually for 2 wk before parturition and then markedly decreases at calving ([@r42]). These changes in neutrophil CD18 and CD62L expression may contribute to increased susceptibility to mastitis and other diseases. Populations of blood leukocytes expressing MHC class II are highest before calving but decrease immediately after parturition ([@r79]), possibly contributing to periparturient disease susceptibility. Cows with fatty liver also have higher blood concentrations of the cytokine TNF-α before calving and higher concentrations of the acute phase protein serum amyloid A and haptoglobin ([@r1]) after calving.

The spleen is an important component part of the hematopoietic system and is one of the largest secondary lymphoid organs after the bone marrow and the thymus gland. In contrast to the lymph nodes, it is blood not lymph that flows through the spleen, and its chief functions are the production of mature lymphocytes, the probable formation of antibodies, and the destruction of worn-out red blood cells (RBC) ([@r57]).

The objective of this study was to *1*) compare global patterns of gene expression in spleen tissue in lactating dairy cows managed to undergo moderate or severe NEB during the early postpartum period and *2*) to determine the effect of NEB on stress and immune pathways.

MATERIALS AND METHODS
=====================

Animals.
--------

All procedures were carried out under license in accordance with the European Community Directive 86-609-EC. The animal model has been described previously ([@r20]). Briefly, multiparous Holstein-Friesian cows (*n* = 24) were blocked 2 wk prior to expected calving according to parity, body condition score, and previous lactation yield (average lactation 6,477 ± 354 kg) and randomly allocated to mild (MNEB) (*n* = 12) or severe (SNEB) (*n* = 12) groups. MNEB cows were fed ad libitum grass silage and 8 kg/day concentrates and milked once daily; SNEB cows were fed 25 kg/day silage and 4 kg/day concentrate and milked three times daily. The chemical composition of silage and concentrate offered \[as previously described ([@r58])\] was the same across treatment groups. Daily measurements of milk yield, milk composition, dry matter intake, body weight, and dietary energy intake were used to calculate energy balance (EB), based on the French net energy for lactation system. Net EB was calculated as unité fourragére lait (UFL) *day 1*, in which 1 UFL is the net energy for lactation equivalent of 1 kg of standard air-dry barley as described previously ([@r33]). EB data are presented as UFL/day. Measurements of body condition score and EB were used to select six cows from each group for slaughter between *days 11* and *16* of lactation, which showed extremes in EB.

Tissue collection.
------------------

At slaughter the entire spleen was removed and weighed, and samples weighing ∼1 g were dissected, rinsed in RNase-free phosphate buffer, snap frozen in liquid nitrogen, stored for ∼4 h in dry ice, and subsequently stored at −80°C.

Blood sampling and metabolite assays.
-------------------------------------

Unclotted (EDTA-treated) whole blood samples were collected on the day of slaughter by jugular venipuncture for hematological analysis. RBC number, white blood cell (WBC) number, granulocyte monocyte and lymphocyte numbers, packed cell volume, hemoglobin concentration, mean corpuscular volume, mean corpuscular hemoglobin concentration and platelet numbers were determined with an automated cell counter (Celltac MEK-6108K; Nihon-Kohdon, Tokyo, Japan) within 6 h of blood sampling.

RNA extraction and quality analysis.
------------------------------------

Total RNA was prepared from 100--200 mg of fragmented frozen spleen tissue using the TRIzol reagent (Sigma-Aldrich Chemical, Dorset, UK). Tissue samples were homogenized in 3 ml of TRIzol reagent and chloroform and subsequently precipitated using isopropanol (Sigma-Aldrich). RNA samples were stored at −80°C. Twenty micrograms of total RNA from each sample was treated for genomic DNA contamination with the RNase-free DNase set (QIAGEN, Crawley, West Sussex, UK) and purified using the RNeasy mini kit in accordance with guidelines supplied (QIAGEN). RNA quality and quantity were assessed by automated capillary gel electrophoresis on a Bioanalyzer 2100 with RNA 6000 Nano Labchips according to manufacturers instructions (Agilent, Waldbronn, Germany).

Microarray hybridization.
-------------------------

Gene expression was determined using a 24,027 probe set bovine oligonucleotide array (Affymetrix, High Wycombe, UK), representing ∼23,000 bovine transcripts based on the original mapping using Unigene build 57 (March 24, 2004). Hybridization of samples to arrays and scanning was carried out by the German Resource Centre for Genomics Research, Germany, according to the manufacturer\'s instructions.

Microarray analysis.
--------------------

All microarray analyses including, preprocessing, normalization and statistical analysis was carried out using R ([@r61]) version 2.6 and Bioconductor ([@r24]) version 2.1. Data were quality assessed before and after normalization using a number of in-built quality control methods implemented in the Bioconductor affycoretools and associated packages to identify problems if they existed with array hybridization, RNA degradation, and data normalization. Microarray data were preprocessed using the mmgMOS normalization method, and differential gene expression was analyzed using the pumaDE method, both implemented in the Bioconductor package puma (49, 59). Puma uses a Bayesian hierarchical model to calculate the probability of positive likelihood ratio of differential gene expression which was converted into "*P*-like values" using the recommended formula prior to subsequent analysis. The number of differentially expressed genes (DEG) detected by the puma method was also compared with that detected by the eBayes (Limma) ([@r74]) and Rank Product ([@r5]) methods. In a recent review of methods that did not include the puma method the eBayes implemented in the limma method proved the most robust overall, while the Rank Product method was ranked best when the number of samples was low or when the data are noisy ([@r34]). In a more recent comparison of methods, however, the puma method was ranked best of 35 methods tested ([@r59]).

As many of the original annotations for the Affymetrix bovine chip have been found to be erroneous ([@r13], [@r23]), Affyprobeminer ([@r47]) redefines the chip definition files (CDFs) for Affymetrix chips, taking into account the most recent genomic sequence information. The remapped annotations used in this study were determined using the bovineccdscdf annotation file downloaded from the Affyprobeminer website, which returned Entrez Gene gene name identifiers ([@r17], [@r53]). This remapped annotation included mappings to all RefSeq (mature RNA protein coding transcripts and validated complete coding sequences) in GenBank. Annotations were also supplemented by interrogating the Ensembl bos-taurus database version 46 using the biomaRt package in Bioconductor and also by manual annotation with recent entries in Entrez Gene. The Entrez Gene IDs of differentially expressed genes were then submitted to DAVID ([@r14], [@r32]) to determine gene function and to cluster genes into functionally significant clusters and also to determine significant biological pathways by interrogating KEGG ([@r37]). The official gene names corresponding to the Entrez Gene of the remapped annotations was used as the "population" background gene list in DAVID as opposed to the default DAVID bos-taurus gene list. This was to ensure that the calculated EASE scores were not overly conservative resulting in a failure to detect significant differences.

Pathway analysis.
-----------------

To examine the molecular functions and genetic networks, the microarray data were explored using Ingenuity Pathways Analysis (IPA ver. 5.5; Ingenuity Systems, Mountain View, CA; <http://www.ingenuity.com>). A data set containing gene identifiers and corresponding expression and *P*-like values was uploaded into the application. Each identifier was mapped to its corresponding gene object in the Ingenuity knowledge base. A *P*-like value of *P* \< 0.05 from the puma analysis was set to identify genes whose expression was significantly differentially up- or downregulated. These genes, called "focus" genes, were overlaid onto a global molecular network developed from information contained in the Ingenuity knowledge base. Networks of these focus genes were then algorithmically generated based on their connectivity. Network analysis returns a score that ranks networks according to their degree of relevance to the network eligible molecules in the dataset. The network score is based on the hypergeometric distribution and is calculated with the right-tailed Fisher\'s exact test. The score is the negative log of this *P* value. A score of 2 thus indicates a *P* value of 10^−2^ or 0.01 and is considered statistically significant. Only those molecules that demonstrate relationships to other genes, proteins or endogenous chemicals were integrated into the analysis.

Quantitative real-time RT-PCR.
------------------------------

Using the same RNA samples that were analyzed in microarray studies, first-strand cDNA was synthesized using the Reverse Transcription system according to manufacturer\'s instructions (Promega UK Southampton, UK). We reverse transcribed 1 μg of purified total RNA into cDNA using random hexamers. The converted cDNA was quantified by absorbance at 260 nm, diluted to 50 ng/μl working stocks and stored at −20°C for subsequent analyses.

Analysis of putative reference genes for real-time RT-PCR studies was carried out using the GeNorm version 3.4 Microsoft Excel add-in (78). Genes analyzed included those that were shown to be stable in microarray analysis and were thus shown not to be differentially expressed among MNEB and SNEB groups. Selected genes included cyclin B1, integrin-β2, mitochondrial ribosomal protein L19, ubiquitin-conjugating enzyme E2K, ubiquitin-conjugating enzyme E2J2, and myosin light chain 3 (Supplementary Table S1[1](#fn1){ref-type="fn"} ). The ubiquitin-conjugating enzyme E2K gene exhibited the greatest stability during real-time RT-PCR analysis of spleen mRNA samples analyzed with *M* values ranging from 0.10 to 0.23. Based on a recommended cut-off *V* value of 0.15; ubiquitin-conjugating enzyme E2K was selected as a single standard reference gene for these experiments. Using more than one of these reference genes did not contribute to a more accurate normalization factor.

Primers were designed to measure gene expression of the 22 selected genes using the Primer3 software program ([@r66]). Details of primer sets used in the current study including all reference genes are listed in Supplementary Table S1. Primers for real-time RT-PCR were commercially synthesized (Sigma-Aldrich Ireland, Dublin, Ireland) and were first tested using end-point PCR. All amplified PCR products generated in this study were also sequenced to verify their identity. In the case of all genes examined in this study, DNA sequences were 100% identical to published sequences.

Real-time PCR reactions were carried out in a total volume of 20 μl with 1 μl cDNA (10--50 ng/μl), 10 μl Power SYBR master mix (Applied Biosystems, Warrington, UK), 1 μl forward and reverse primers (10 ng of each), and 8 μl nuclease-free H~2~O. Dissociation curves were examined for the presence of a single PCR product. Conditions were optimized to ensure that cDNA concentration, primer concentration, and efficiency of reactions were optimal. Real-time RT-PCR was performed using a ABI 7500 FAST quantitative PCR system (Applied Biosystems, Warrington, UK) with the following cycling parameters: 95°C for 10 min and 40 cycles of 95°C for 15 s, 60°C for 60 s, followed by amplicon dissociation (95°C for 1 min, 50°C for 45 s, increasing 0.5°/cycle until 95°C was reached). Gene expression results were calculated using the 2^−ΔΔCT^ method ([@r50]).

Statistical analysis.
---------------------

Differences in quantitative PCR and blood hematological data between the two energy balance groups was analyzed by analysis of variance using the MIXED procedure of SAS ([@r69]). Blood cell counts were log~10~ transformed and proportions (%) were transformed using the arsine of the square root of the proportion prior to analysis. Correlations between microarray and quantitative RT-PCR data was determined using the CORR procedure of SAS. A *P* value \<0.05 was considered significant.

RESULTS
=======

Animal performance.
-------------------

One of the MNEB animals was excluded because of an abnormally lower feed intake relative to all other animals in the group. One animal was removed from the SNEB group following microarray quality assessment, which indicated that hybridization did not proceed optimally (data not shown). Therefore results are presented based on five cows per group.

The effect of treatment on feed intake, milk yield, and metabolic profile of the animals has been reported previously ([@r20]). In brief, three-times-a-day versus once-a-day milking was effective in decreasing (*P* \< 0.020) EB from *day 2* postcalving to slaughter (SNEB −8.7 ± 0.9 UFL/day compared with MNEB −4.9 ± 0.9 UFL/day). In addition, on the day of slaughter, animals in the SNEB group had higher systemic concentrations of NEFAs (1.41 ± 0.136 vs. 0.55 ± 0.216 mM, *P* \< 0.01) and BHBs (3.71 ± 0.201 vs. 0.59 ± 0.097 mM, *P* \< 0.001) than the MNEB animals.

Blood cell counts.
------------------

WBC counts were lower (*P* = 0.021) in SNEB compared with MNEB animals; the back-transformed means and 95% confidence limits were 5.8 (4.43--7.59) vs. 9.3 (7.11--12.19), respectively. Lymphocyte numbers were also lower (*P* = 0.047) in SNEB vs. MNEB animals 5.6 (4.16--7.62) vs. 8.7 (6.42--11.75), respectively. There was no difference (*P* \> 0.05) between SNEB and MNEB groups in any of the other hematological variables measured.

Differential gene expression.
-----------------------------

A total of 5,788 genes were expressed in the spleen. A cut-off *P*-like value of *P* \< 0.05 resulted in a total of 545 DEG using the puma method. Of these 300 were upregulated, while 245 were downregulated. A comparison between different preprocessing/normalization/statistical methods showed that the puma method captured \>50% of the DEG detected by the eBayes (Limma) method and \>60% of the DEG detected by the Rank Product method (data not shown). The puma method, however, was more sensitive in detecting a greater number of DEG than either of the other methods.

Biological theme analysis.
--------------------------

Analysis of DEG using the online tool DAVID indicated the themes that were statistically overrepresented in SNEB versus MNEB spleen ([Table 1](#t1){ref-type="table"}). The overriding theme associated with the DEG set was protein synthesis, and this was supported by the finding that the ribosome pathway was significantly overrepresented in the set of DEG.

Pathway analysis.
-----------------

A total of 3,623 genes on the array could be mapped to the IPA database, including 248 DEG that were upregulated (Supplementary Table S2) and 190 DEG that were downregulated (Supplementary Table S3). Biological categories with the greatest number of DEG were cellular growth and proliferation, cell death, cellular movement, cellular development, and cell-to-cell signaling and interaction (Supplementary Fig. S1). Free radical scavenging had the greatest ratio of up- to downregulated genes in all categories.

Canonical signaling pathway analysis revealed that NF-E2-related factor-2 (NRF2)-mediated oxidative stress response, mitochondrial dysfunction, amyotrophic lateral sclerosis signaling, endoplasmic reticulum (ER) stress pathway, aryl hydrocarbon receptor signaling, p53 signaling, protein ubiquitination pathway, and antigen presentation pathway were associated with the greatest number of upregulated genes, while natural killer (NK) cell signaling was associated with the greatest number of downregulated genes. Overall a greater number of upregulated genes were associated with metabolic and/or signaling pathways ([Table 2](#t2){ref-type="table"}). Palmitic and oleic acid, the major NEFAs produced as a result of NEB, have known links with the NRF2 pathway ([Fig. 1](#f1){ref-type="fig"}).

Canonical metabolic pathways analysis revealed that the pentose phosphate pathway, oxidative phosphorylation, ubiquinone biosynthesis, and methane metabolism were associated with the greatest number of upregulated genes, while phospholipid degradation was associated with the greatest number of downregulated genes (Supplementary Table S4).

Network analysis.
-----------------

A total of 33 networks were identified by IPA, 21 of these had a score \[−log(*P* value)\] of 2 or greater, 19 of which had 10--34 focus genes among the DEG (Supplementary Table S5). Only the first three networks will be considered here in the context of SNEB and immune function.

The first network (\#1) with a score of 59 and 34 focus genes indicated links between the cytokine interleukin 15 (IL-15) and the transcription factors catenin β-1 (CNNB1), activating transcription factor 4 (ATF4), and X-box binding protein-1 (XBP1). The main functions are in cell growth and proliferation, hematological system development and function, and immune response ([Fig. 2](#f2){ref-type="fig"}, Supplementary Table S5).

The second network (\#2) with a score of 46 and 29 focus genes indicated gene clusters centered around the transcription factors downregulation of transcription (DR1), eukaryotic translation elongation factor 1α (EEF1A1), *fusion* (FUS), proliferation-associated 2G4 (PA2G4), and SNW domain containing 1 (SNW1). This network has main functions in immune response, cell death, and immunological disease ([Fig. 3](#f3){ref-type="fig"}, Supplementary Table S5).

The third network (\#3) with a score of 41 and 27 focus genes indicated gene clusters centered around interferon-γ (INFG), with main functions in immune response cell death and immunological disease ([Fig. 4](#f4){ref-type="fig"}, Supplementary Table S5).

Quantitative PCR analysis.
--------------------------

A total of 22 genes including interleukin-2 (IL-2) that was not annotated by Affyprobeminer were analyzed by quantitative PCR ([Table 3](#t3){ref-type="table"}). Genes were chosen to be representative of those in the top pathway and three IPA networks and the more biologically interesting of the most up- and downregulated genes also. Among genes, the direction and magnitude of expression between methods were highly consistent. The magnitude of differential expression tended to be higher by quantitative PCR, and the differences between qPCR and microarray tended to be greater for those genes most differentially expressed. Within genes there was good correlation between microarray and qPCR expression. The expression of IL-2, determined by quantitative PCR only was not significantly different between MNEB and SNEB groups (*P* \> 0.5).

DISCUSSION
==========

Effect of milking frequency and nutrition on EB.
------------------------------------------------

The main aim of this study was to investigate the effects of NEB on genes affecting immune function in the postpartum dairy cow. In this study, estimated daily EB, blood metabolite, and hematological data indicate that three-times-a-day versus once-a-day milking combined with differential nutrition was effective in creating a significant difference in EB between the MNEB and SNEB groups. Blood concentrations of NEFA and BHB were higher in SNEB compared with MNEB animals and consistent with that reported previously for animals managed under a similar regime ([@r58]). Blood hematological measurements indicated that SNEB was associated with a decrease in WBC and in lymphocyte numbers indicating a depression in immune function as has been reported following calving in dairy cows ([@r38], [@r39], [@r64]).

Effect of NEB on gene expression in the spleen.
-----------------------------------------------

This is the first study to our knowledge to explore the effects of SNEB on gene expression in the spleen of the postpartum dairy cow. The results indicate that the spleen responds to SNEB with an overall increase in gene expression. The predominant gene ontology (GO, 76) categories affected by SNEB were those associated with protein synthesis and the KEGG ribosome pathway. This is not surprising in that changes in protein synthesis are an indispensable functional consequence of changes in gene expression.

Pathway analysis.
-----------------

Analysis of DEG using DAVID revealed the significant biological processes affected by NEB; however, network analysis using IPA revealed how the individual DEG cooperate in a variety of metabolic and signaling pathways, potentially revealing those genes that are below the limit of detection of conventional microarrays ([@r72]). In addition, network analysis enables the identification of biological mechanisms, pathways, and functions most relevant to the genes of interest ([@r51]) and enables the subtle but pleiotropic effects of metabolic diseases ([@r44]) such as SNEB to be determined.

The two most significant pathways were those associated with the NRF2-mediated stress response and mitochondrial dysfunction. NRF2 is a member of the cap\'n\'collar family of bZIP transcription factors expressed in a wide variety of tissues. Antioxidant defense genes such as superoxide dismutase (SOD1), catalase (CAT), peroxiredoxin-1 (PRDX1), and NAD(P)H:quinone oxidoreductase (NQO1) were all found to be upregulated in SNEB by microarray analysis and confirmed by quantitative PCR. Their expression is dependent on NRF2 activity ([@r43]) acting as a heterodimer with other bZIP transcription factors such as ATF4 ([@r29]) or *c-*JUN ([@r81]) to defend against oxidative stress ([@r12]). SOD1 detoxifies superoxide (O~2~^−^) resulting in the creation of H~2~O~2~, which in turn is further metabolized to H~2~O by CAT or PRDX1. The increased expression of antioxidant genes and genes involved in free radical scavenging in SNEB animals in this study is likely a response to mitigate or reduce the damaging effects of increased concentrations of ROS.

A significant number and proportion of genes involved in ER stress pathway were also upregulated in SNEB. The ER is required for the folding, processing, and export of newly synthesized proteins. Disruption of ER function, termed ER stress, results in the accumulation of misfolded proteins in the ER ([@r71]) and activates the unfolded protein response signaling pathway, which includes upregulation of two key transcription factors, ATF4 and XBP1, and the molecular chaperone DNAJB3, which is likely to be involved in protein folding.

In addition to oxidative stress due to lipid peroxidation by the liver, a consequence of ER stress is the additional accumulation of ROS. Activation of the NRF2 and ATF4 transcription factors, initiates the convergence of ER stress and oxidative stress signaling ([@r70]) with widespread alteration of multiple cellular processes that, although distinct, also overlap ([@r68]). The two major products of fatty acid breakdown in SNEB are palmitate and oleate ([@r67]). Of these only palmitate triggered an ER stress response in MIN6 cells (a murine pancreas β-cell line) ([@r41]). Prolonged or severe ER stress is widely accepted to trigger apoptosis ([@r26]). The balance between apoptosis occurring or not depends on the anti- (e.g., B-cell lymphoma/leukemia-2; BCL-2) and proapoptotic BCL-2 family of proteins including BCL associate protein (BAX). ER stress upsets the balance between pro- and antiapoptotic pathways, and the outcome depends on the duration of exposure to stress and whether a response to the initial stress is adequate ([@r70]). ATF4 and XBP1 are known to indirectly repress BCL-2 transcription ([@r56]) by inducing the expression of CCAAT/enhancer binding protein (C/EBP) homologous protein (CHOP) also called FUS (see [Fig. 3](#f3){ref-type="fig"}). In this study, BAX, ATF4, XBP1, and FUS were upregulated in SNEB animals, while BCL2A1 was downregulated. SNEB therefore was of a sufficient duration in this study to create a cellular environment favoring apoptosis of immune-related cell types in the spleen and thus rendering animals in SNEB more susceptible to infection.

In this study systemic concentrations of BHB increased in SNEB relative to MNEB animals. Among the short chain fatty acids butyrate is a potent inducer of apoptosis and inhibitor of cell proliferation, differentiation, and motility ([@r11], [@r16], [@r22], [@r44]). The mechanisms by which butyrate induces cellular differentiation and suppresses growth have not been elucidated; however, the level of BCL-2 expression can regulate the apoptotic effect of butyrate in vitro ([@r55]).

Similar to ER stress, mitochondrial function also depends on the BCL-2 family of proteins, and proapoptotic stimuli can interfere with mitochondrial function ([@r45]). Mitochondria are essential for the production of energy required for metabolism in the form of ATP, which is generated by oxidative phosphorylation. The mitochondria are a significant source of ROS ([@r27]). Genes involved in oxidative phosphorylation and ubiquination were, in the main, upregulated in this study, indicating that SNEB results in increased splenic metabolic activity probably in an effort to redress the negative effects of oxidative stress and in the proteasome degradation of misfolded proteins as a result of ER stress. In contrast, Loor et al. ([@r51]) found that ubiquitination and oxidative phosphorylation were decreased in the liver of cows with nutritionally induced ketosis and were associated with an overall decrease in liver function.

Ubiquinone biosynthesis is required for the oxidation of NADH ([@r83]), which is essential for the adequate supply of redox species required to mount a response to oxidative stress. In contrast the gene encoding uncoupling protein-2 (UCP2), an important regulator of mitochondrial ROS ([@r2]), was downregulated in SNEB animals, facilitating increased ROS production. UCP2 is reported to be highly expressed in spleen ([@r21]) and immune tissue ([@r40]), suggesting a role for UCP2 in immunity or inflammatory responsiveness ([@r21]).

Overall the main signaling pathways affected by SNEB suggest that the spleen is subjected to increased oxidative stress and responds by mobilizing genes and proteins to mitigate the effects of oxidative stress and possibly also butyrate, to limit their effects on apoptosis. Failure to redress the effects of oxidative stress results in activation of apoptotic pathways and cell death.

Network analysis.
-----------------

Network analysis using IPA revealed a number of interacting gene networks; the one with the highest score (see [Fig. 2](#f2){ref-type="fig"}) shows links between the cytokine IL-15 and the transcription factors CNNB1, ATF4, and XBP1 with main functions in cell growth and proliferation, hematological system development and function, and immune response. From an immune perspective, which was the primary focus of this study, the finding that IL-15 was downregulated in SNEB is significant, and the remaining discussion on network analysis will be centered on this.

IL-15 was first identified because of its IL-2-like activity in inducing T-lymphocyte proliferation ([@r25]). Unlike IL-2, which is mainly produced by activated T-lymphocytes, IL-15 is expressed constitutively in most tissues and in cattle is highly expressed in spleen and skeletal tissue ([@r9]). IL-15 is produced in activated monocytes, macrophages, dendritic cells, bone marrow stromal cells, and thymic epithelium, whereas T-lymphocytes do not typically produce IL-15 ([@r19], [@r25], [@r82]).

IL-15 and IL-2 share very little primary protein and cDNA sequence homology; however, molecular modeling suggests that they belong to the same 4 α-helix bundle cytokine family ([@r25]). Functional studies have shown that IL-15 also uses the IL-2Rβ-receptor subunit and the common gamma chain (γ~c~) subunit, but it is the distribution of distinct IL-R15α and IL-2Rα that determine their specific actions ([@r7], [@r19]).

IL-15 is a pleiotropic proinflammatory cytokine and, like IL-2, is a potent stimulator of T-lymphocyte proliferation, inflammatory (CD4^+^), helper (CD4^+^T), and cytotoxic T-cells (e.g., CD8^+^T), and NK cells ([@r52]). IL-15 is capable of priming NK cytotoxicity ([@r31]) and maintaining NK cell survival in vitro ([@r10]) and can also selectively stimulate the proliferation of CD8^+^ memory T-cells in contrast to IL-2, which inhibits CD8^+^ T-cell proliferation ([@r84]). IL-15 is thought to act independently of IL-2 but can act synergistically in stimulating the cellular immune response. In a recent report IL-15 is also thought to act together with IL-12 and IL-18 to in turn regulate interferon-γ (IFNG)([Fig. 4](#f4){ref-type="fig"}), which ensures maturation of B-cells in the spleen prior to their homing to the lymph nodes or inflammatory sites ([@r28]).

IL-15 signaling in lymphocytes activates Janus kinase (JAK) and signal transducer and activator of transcription (STAT) pathways ([@r35]). JAK/STAT signaling is critical in the generation of inflammatory responses to infection and in T-cell proliferation, and Li et al. ([@r46]) suggests that IL-15 is the critical growth factor for all T-cell proliferation.

In this study a sample of splenic tissue was harvested that included capsular, red pulp and most likely white pulp tissue. Although the sample was taken from the same location across animals no account was taken for the possibility of changes in the different splenocyte populations between animal groups. However, of all the blood cell populations measured only lymphocyte numbers were significantly decreased (by ∼33%) in SNEB, and only activated monocytes and macrophages are known to express IL-15 mRNA. T-lymphocytes, a major source of IL-2, express little if any IL-15 mRNA ([@r25]). IL-2 expression determined by RT-PCR was found to be numerically higher in SNEB but this difference was not significant (*P* \> 0.5). Hemoglobin beta (HBB), a gene known to be expressed in mouse macrophages ([@r48]), and T-lymphocyte maturation-associated protein ER of T-cells ([@r62]), were two of the most downregulated genes in SNEB animals. Plasminogen activator urokinase receptor (PLAUR), which is highly expressed in human macrophages ([@r75]), was the most upregulated gene in SNEB animals which might suggest an increase in macrophage or chemotactic activity ([@r63]). PLAUR is also expressed, however, in other immune cell types ([@r85]) including neutrophils ([@r60]), and its expression in macrophages can be stimulated by exposure to increased concentrations of free fatty acids ([@r3]). Increased systemic concentrations of NEFAs in this study may have contributed to the observed increase in PLAUR activity seen in SNEB animals; however, this requires further study.

The effects of decreased lymphocyte numbers are evident in [Fig. 4](#f4){ref-type="fig"} where IFNG, which is mainly produced by T-lymphocytes and NK cells, is downregulated in SNEB animals. IFNG has wide-ranging effects on gene expression ([@r4]), is specifically produced by CD4^+^ T and CD8^+^T cells ([@r18]), and has potent antiviral and immunomodulatory functions including the induction of immunoglobulin secretion by B-cells and enhancing NK-cell and macrophage activity. In this study both IL-15 gene expression and lymphocyte numbers were decreased in SNEB animals, indicating for the first time, to our knowledge, a functional link between SNEB, splenic IL-15 expression, and suppression of immune function in dairy cows.

In conclusion, SNEB in the postpartum dairy cow resulted in an increase in products of lipid catabolism including NEFAs and BHB. This in turn was shown to be associated with a reduction in circulating blood lymphocyte numbers and in pleiotropic effects in splenic gene expression associated with increased oxidative stress and apoptosis, negatively impacting immune function.
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![Ingenuity pathway analysis shows 17 genes from the 180 genes associated with the NF-E2-related factor-2 (NRF-2)-mediated oxidative stress response pathway. A network of genes are associated with the transcription factors JUN and activating transcription factor 4 (ATF4). The network has been overlaid with the links between palmitic and oleic acid \[the major nonesterified fatty acids (NEFAs) produced as a result of negative energy balance (NEB)\] and superoxidase dismutase (SOD1) and ATF4. The network is displayed graphically as nodes (gene/gene products) and edges (the biological relationship between nodes). The node color intensity indicates the expression of genes: red upregulated, green downregulated in severe negative energy balance (SNEB) vs. mild negative energy balance (MNEB) spleen. The fold value is indicated under each node. The shapes of nodes indicate the functional class of the gene product and the lines indicate the type of interaction (Supplementary Fig. S2).](zh70110933870001){#f1}

![Gene Network 1. Ingenuity pathway analysis shows a network of 34 "focus" genes with a score of 59. The network is displayed graphically as nodes (gene/gene products) and edges (the biological relationship between nodes). The node color intensity indicates the expression of genes: red upregulated, green downregulated in SNEB vs. MNEB spleen. The fold value is indicated under each node. The shapes of nodes indicate the functional class of the gene product, and the lines indicate the type of interaction (Supplementary Fig. S2).](zh70110933870002){#f2}

![Gene Network 2. Ingenuity pathway analysis shows a network of 29 focus genes with a significant score of 46. The network is displayed graphically as nodes (gene/gene products) and edges (the biological relationship between nodes). The node color intensity indicates the expression of genes: red upregulated, green downregulated in SNEB vs. MNEB spleen. The fold value is indicated under each node. The shapes of nodes indicate the functional class of the gene product, and the lines indicate the type of interaction (Supplementary Fig. S2).](zh70110933870003){#f3}

![Gene Network 3. Ingenuity pathway analysis shows a network of 27 focus genes with a significant score of 41. The network is displayed graphically as nodes (gene/gene products) and edges (the biological relationship between nodes). The node color intensity indicates the expression of genes: red upregulated, green downregulated in SNEB vs. MNEB spleen. The fold value is indicated under each node. The shapes of nodes indicate the functional class of the gene product, and the lines indicate the type of interaction (Supplementary Fig. S2).](zh70110933870004){#f4}

###### 

DAVID biological themes for DEG genes

  GO Category          Gene Category                               Count   \%     *P* Value (BH)
  -------------------- ------------------------------------------- ------- ------ ----------------
  Molecular function   structural constituent of ribosome          28      5.4    5.80E-06
  Cellular component   ribosome                                    28      5.4    1.70E-06
  Molecular function   structural molecule activity                34      6.5    7.90E-06
  Biological process   protein biosynthesis                        35      6.7    2.60E-05
  Biological process   macromolecule biosynthesis                  36      6.9    2.60E-05
  Cellular component   ribonucleoprotein complex                   31      5.9    4.60E-06
  Cellular component   nonmembrane-bound organelle                 39      7.5    1.50E-05
  Cellular component   intracellular nonmembrane-bound organelle   39      7.5    1.50E-05
  Sp pir keywords      ribosomal protein                           20      3.8    1.10E-03
  Biological process   cellular biosynthesis                       44      8.4    9.00E-04
  Sp pir keywords      ribonucleoprotein                           17      3.3    1.90E-03
  Biological process   biosynthesis                                46      8.8    2.50E-03
  Cellular component   cytoplasm                                   63      12     4.70E-04
  Cellular component   protein complex                             48      9.2    2.30E-03
  Cellular component   intracellular organelle                     77      14.7   2.80E-03
  Cellular component   organelle                                   77      14.7   2.70E-03
  KEGG pathway         ribosome                                    11      2.1    3.70E-02
  Cellular component   intracellular                               89      17     2.20E-02

The count and % represent the number and % of differentially expressed genes (DEG) in the specific gene ontology (GO) category. The *P* value is the Benjamini and Hochberg (BH) corrected *P* value.

###### 

Gene classification according to canonical signaling pathways using IPA

  Pathway                                   *P* Value   %DEG   Genes
  ----------------------------------------- ----------- ------ ---------------------------------------------------------------------------------------------------------------------------------------
  NRF2-mediated oxidative stress response   0.0004      9.4    *TXN, AKR1A1, ATF4, SOD1, FTH1, DNAJC3, PRDX1, GSTP1, CBR1, AOX1, GSTK1, FTL, JUN, CAT, NQO1, CCT7, **HSPB8***
  Mitochondrial dysfunction                 0.0028      9.7    *NDUFS7, NDUFB7, PRDX5, NDUFA6, UQCRC2, PARK7, SDHB, NDUFS4, CAT, NDUFV1, COX6A1, NDUFA2, **APH1A**, \[bi\]NDUFB5, UCP2, \[bi\]PRDX3*
  Amyotrophic lateral sclerosis signaling   0.0224      6.8    *RAB5B, SSR4, BAX, SOD1, CAT, CCS, **BIRC2***
  Endoplasmic reticulum stress pathway      0.0251      16.7   *ATF4, DNAJC3, XBP1*
  Natural killer cell signaling             0.0263      6.4    *TYROBP, FCGR3A**, SH2D1A, LCP2, FYN, KIR3DL1, NCR3***
  Aryl hydrocarbon receptor signaling       0.0263      6.6    *ALDH9A1, GSTK1, BAX, JUN, CCND2, NQO1, GSTP1, **ESR1, RELA, FASN***
  p53 signaling                             0.0282      6.9    *BAX, JUN, CCND2, **FASN, CTNNB1, SERPINE2***
  Protein ubiquitination pathway            0.0437      4.9    *PSMB6, UBE2S, B2M, UCHL3, PSMD3, PSMB1, PSMD4, **BIRC2, IFNG, PSMD1***
  Antigen presentation pathway              0.0468      7.7    *PSMB6, CALR, B2M*

The %DEG is the proportion of DEG relative to the total number of genes in the specific canonical pathway. Downregulated genes are highlighted in boldface; upregulated genes are in lightface.

###### 

Results for qPCR assays and correlation with microarray data

  Gene Name    qPCR Fold Change   *P* Value   Array Fold Change   Correlation   *n*
  ------------ ------------------ ----------- ------------------- ------------- -----
  *AFT 4*      1.82               0.0041      1.27                0.88          8
  *BAX*        1.80               0.0345      1.60                0.57          9
  *BCL2A1*     −1.86              0.0147      −1.34               0.84          8
  *CAT*        2.08               0.0051      1.12                0.8           7
  *CTNNB1*     −2.26              0.0164      −1.19               0.68          8
  *ESR1*       −1.85              0.0126      −1.36               0.66          8
  *FUS*        1.41               0.0235      1.25                0.52          8
  *GPNMB*      2.30               0.0431      2.06                0.87          9
  *HBB*        −14.94             0.0252      −7.32               0.68          8
  *IFNG*       −3.68              0.0080      −1.58               0.65          9
  *IL2*        1.91               0.5055      nd                  nd            
  *IL15*       −2.37              0.0312      −1.34               0.62          8
  *MAL*        −4.19              0.0044      −4.06               0.39          8
  *NQO1*       1.98               0.0125      2.10                0.82          7
  *PA2G4*      −3.31              0.0041      −1.21               0.95          8
  *PLAUR*      11.44              0.0108      8.41                0.75          9
  *PRDX1*      2.18               0.0307      1.32                0.74          8
  *SERPINB9*   −1.96              0.0106      −1.34               0.57          8
  *SOD1*       1.91               0.0005      1.26                0.66          9
  *UCP2*       −3.63              0.0366      −1.58               0.98          6
  *XBP1*       1.92               0.0070      1.25                0.63          7
  *XCL1*       −2.71              0.0018      −2.41               0.83          8

nd, Not determined.
